[1] Mars may possess a global sub-surface groundwater table as an integral part of its current hydrological system. However, the Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) onboard the Mars Express (MEx) spacecraft has yet to make a definitive detection of such a body of liquid water. In this work, we quantify the conditions that would allow a detection of a deep aquifer and demonstrate that the lack of radar detection does not uniquely rule out the presence of such a body. Specifically, if the overlying crustal material has a conductivity above $10 À5 S/m (equivalent to a loss tanget of 0.008), a radar echo from an aquifer could be sufficiently attenuated by the intervening medium to prevent its detection by MARSIS. As such, the lack of direct detection by MARSIS -a ''null result''-does not rule out the possibility of the water table's existence. Citation: Farrell, W. M., J. J. Plaut, S. A. Cummer,
Introduction
[2] While it has been postulated that Mars' surface once contained large amounts of liquid water, what remains is a relatively small body of water-ice at each pole that, if fully melted, is the global equivalent layer of water of 10's of meters depth [Smith et al., 2001; Plaut et al., 2007] . Based on current surface conditions, if a large body of water existed, it is presumed to either have been lost via atmospheric escape or to fully/partially reside deep in the subsurface where crustal temperatures may support a liquid state [Clifford, 1993; Clifford and Parker, 2001] . The location of a subpermafrost groundwater table is presumed to be below the subsurface melting isotherm defined as the depth where geothermal heat flux through the thermally conductive crust maintains a temperature of 273K. Clifford and Parker [2001] estimate the depth to this melting isotherm to be <5 km at 30°latitude and <9 km at 60°l atitude. Above this depth any water is presumably in the form of a solid, in a permanently frozen zone consisting of ice or an ice-soil mixture called the ''cryosphere.'' The authors note that a specific set of assumptions are made to calculate the cryosphere thickness/melting isotherm depth that can only be verified via a future geophysical study. As such, there is considerable uncertainty on these values [Clifford et al., 2009] .
[3] One way to obtain information on the presence of a subsurface water table is with ground penetrating radar (GPR) at low frequencies that allow remote sensing of the subsurface. Since the water table aquifer will have a differing permittivity relative to the overlying rock, a radar reflection might be anticipated from this region. Low frequency radar allows for relatively deeper penetration into the overlying material and ice. MARSIS is such a groundpenetrating radar system that operates in 4 subsurface sounding bands between 1.3-5.5 MHz, each with a bandwidth of 1 MHz. Since antenna deployment in mid-year 2005, nearly the entire planet has been covered via MEx's highly inclined orbit. More details on the instrument are given by Jordan et al. [2009] .
[4] In polar regions, the MARSIS radar signal was found to penetrate to the base ($3 kilometers) of both the northern and southern polar layer deposits (PLD) Plaut et al., 2007] . The attenuation in most regions of the PLD was surprisingly small at 4 -5 MHz, suggesting that the layered deposits are relatively cold (below 240K) and low in impurities Plaut et al., 2007] . The region near Chasma Australe was specifically examined in detail for evidence of melting, and no obvious sub-surface aquifer was found [Farrell et al., 2008] . However, there are ''patchy'' regions under the PLD lacking clear return echoes, called ''amorphous regions.'' The lack of a coherent return signal creates an ambiguous situation in the search for basal lakes/interglacial aquifers (further described by Farrell et al. [2008] ).
[5] In non-polar regions, there are a limited number of reports of MARSIS detections of subsurface stratigraphy, and these reports are associated with specific locations. Picardi et al. [2005] and Watters et al. [2006] found evidence of buried craters a few hundred kilometers in diameter and at depths of 1 -2 km, with radar returns consistent with reflections from the crater walls and floor. However, White et al. [2009] suggest that a fraction of these signatures are due to apparent distortions of the surface echoes by the ionosphere, as opposed to a definitive subsurface structure. Watters et al. [2007] also detected a clear unambiguous subsurface interface in the Medusae Fossae Formation to a depth of 1 -2 km. The top layer thickness varies with topography suggesting that a young deposit (volcanic ash, porous rock, or ice) is overlaid on top of the lowland plains. White et al. [2009] detected a subsurface linear interface from an apparent crater-filling deposit in the Ma'adim Vallis region. Boisson et al. [2009] used the signal absorption very close to the surface return pulse to infer the presence of a 30-50-m thick volcanic layer on the Athabasca valley surface.
[6] However, to date, there is no report of an interface associated with a deeper groundwater table. The periapsis is at $37°latitude and the nighttime conditions allow penetration of the 4 MHz signals through the low-plasma-density nightside ionosphere . The radargram can be considered a cross section of the northern lowlands. The primary signal detected in the lowland region is the return pulse from the Martian surface. The radargram shows a complete absence of any subsurface return. A few apparent subsurface bright spots early in the pass result from surface clutter associated with the rougher terrain typically found at the dichotomy boundary. There is no evidence for a strong reflector deep under the surface.
[7] There are a number of scenarios to explain the radargram and the many others like it that show no evidence for a water table in the northern lowlands. First, the lack of detection could imply that there is no water table and that the subsurface is basically free of liquid water. In this case, the sub-surface temperature remains below freezing to at least the depth of the MARSIS sampling window ($11 km in depth assuming a relative dielectric permittivity of 6 for basalt), keeping water in ice form. The cold sub-surface also keeps the polar ice from melting, consistent with the lack of MARSIS detection of basal melting under the PLD. Alternatively, the subsurface may be essentially free of H 2 O, liquid or solid. Another scenario is that the water table is there, but the intervening material is very lossy, thus attenuating any return signal from an aquifer to levels below the system noise level at the spacecraft. In this paper, we will investigate the conditions that might create this ''lossy'' situation. We want to determine the characteristics of the near-surface crustal material required to attenuate an aquifer return echo and hence ''hide'' any aquifer from view of the radar.
Return Echo: The Presence of a Long Tail
[8] Figure 2 shows a 20-second average of the overall signal return from the region near the 320 km periapsis altitude. The most distinct feature is the well-defined intensity peak of about 35 dB above the noise level as the 4 MHz signal pulse is reflected from the surface. This return echo is commonly called the ''surface pulse.'' The noise level is defined as the power flux detected prior to the surface pulse, when no return echoes are in range (i.e., in the first 80 microseconds of Figure 2 , prior to any echo return to MARSIS). This level is presumed to be representative of the cosmic background level at 4 MHz of $10
Hz [Dulk et al., 2001 ].
[9] An interesting observation is the long echo ''tail'' that continues for nearly 140 microseconds after the peak surface return pulse, with signal levels above the comic noise level. Comparison of this long echo to models of topographic surface clutter indicates that the extended echo is not associated with any sub-surface phenomena but instead is due to off-nadir clutter. Even though a northern lowland pass was chosen due to its relative smoothness, there is still enough off-nadir relief to give rise to an apparent ray time delay resulting from reflections from off-nadir rough terrain. This ''long-tail'' feature in the surface return echo is consistently observed throughout the pass in the lowland regions from the dichotomy boundary to the PLD near the end of the pass.
[10] To be detected, any water table in the subsurface has to have a return echo signal that exceeds the clutter-defined noise level in Figure 2 . As such, the cosmic background level, like that observed in the first 80 microseconds of Figure 2 , is not the fiduciary noise level of detection. The defining noise level required to be exceeded is instead the more intense clutter noise level, S n [Picardi et al., 2004] .
Analytical Modeling
[11] In order to evaluate the effect of a lossy crustal material on groundwater table detection, we will assume that a water table/aquifer is indeed present, but that the overlying icy soil absorbs the radar signals, effectively ''hiding'' the aquifer from view. This situation requires that the crustal material attenuation be strong enough to reduce the aquifer echo power level to be just below the clutterdefined noise power flux level shown in Figure 2 , S aq < S n . In order to quantify this effect, we apply a very simple two layer model (like that shown in the inset of Figure 3) , where a radar signal in free-space (medium 1) enters a basaltic layer (medium 2) with a real permittivity, K 2 , of $6 and unknown conductivity, s 2 . Medium 2 extends to a depth, d. The ray then reflects from the top surface of an aquifer (medium 3) with an assumed high reflectance of R 23 $ 0.98. In the model, we will attempt to constrain the values of s 2 . We can analytically define this situation as [Eaves, 1987; Farrell et al., 2005] :
where S aq is the return aquifer power flux to MEx (in units of W/m 2 Hz), S n is the return pulse and associated clutter noise level shown in Figure 2 , G is the MARSIS receiver processing gain (G is typically $30-40 dB [Jordan et al., 2009] ) applied to the chirp returns, F is the return power flux from a flat perfect reflector defined by Calvert et al. [1995] as F(r) = P/(16 p r 2 Df), where P is the MARSIS 4 MHz transmitted power of 5 -10 W, r is the spacecraft distance to the surface (of about $320 km at periapsis), and Df is the bandwidth of 1 MHz. We note that r / = r + d where d is the depth from the surface to the aquifer (see inset of Figure 3 ). However, r ) d and for the calculations used here F(r + d) $ F(r). B is equal to T 12 2 R 23 and lumps the two c, where n i is the imaginary part of medium 2's index of refraction, w is the wave frequency, e o is the permittivity of free space, c is the speed of light and s 2 is the conductivity of the overlying material. As the conductivity of the overlying rock increases, attenuation of the deep aquifer return signal increases in a geometric fashion.
[12] The terms of equation (1) can be rearranged to arrive at a condition on the crustal conductivity consistent with S aq < S n , namely,
In essence, if the conductivity of the absorbing rock remains above the value derived by equation (2), then an aquifer will remain undetectable. We can now use the clutter-defined noise level in Figure 2 to estimate the lower limit of the conductivity in equation (2). Figure 2 shows the noise power flux S n = S n (Dt(d)), where Dt is the time separation between the surface return pulse and later times (or lower depths, d = c Dt/2 K 2 1/2 ). As an example, if we assume an aquifer is located at 2.5 km depth, then the return signal delay relative to the peak of the surface return pulse is Dt of 42 microseconds, and S n (Dt = 42 msec) is $4 dB above the cosmic background noise level of $10 À19 W/m 2 Hz [Dulk et al., 2001 ].
[13] There are two methods for obtaining the gain factor, G. First, it can simply be set to 35 dB based on previous analysis/knowledge [Jordan et al., 2009] . Since the value resides in the natural-log term, large variations of the value (10's of percent) will not greatly alter the overall result. However, a second method allows a value that is consistent with the modeling, by comparing the actual return surface pulse peak in Figure 2 to that theoretically expected from a free-space/basalt interface. A return surface echo has a power flux that is defined by
where R 12 is the reflectance from the free-space/basalt interface (and is $0.17 for K 2 $ 6). The derived value of F is approximately 10
Hz at an altitude of 320 km, and S peak is the observed peak value of the surface return signal in Figure 2 following the inclusion of processing gain, G, at $3 Â 10 À16 W/m 2 Hz. Hence, G approximately equals S peak / F(r)R 12 and is about 1860 (or $33 dB) during this period.
[14] We now have all the information required to solve equation (2) for s 2 . Figure 3 shows the conductivity ranges that both allow and disallow water table detection. Note that for crustal conductivity above about $10 À5 S/m (equivalent to a loss tangent of >0.008), a deep aquifer could in fact be hidden from MARSIS. If the crustal conductivity is below 10 À5 S/m, an aquifer return pulse would not be absorbed by the surrounding medium and might possibly have been observed by MARSIS, if it exists.
[15] Note that the limiting conductivity varies as ln (S n /G F(r) B) and thus changes in parameters by factors of 10 alter the conductivity by only small factors. While a more sophisticated model might including scattering from smaller intervening layers (dielectric contrast), there is no evidence for the existence of such layers in the radargram in Figure 1 . Further, Farrell et al. [2005] produced such a model for PLD application (using MOC-observed layering structure) and found that scattering from dielectric contrast attenuated the return signal by only a factor of 2. Again, given that such a factor would be folded within the natural log function in equation (2), the inclusion of similar scattering from such layering would be artificial (contrived) and in the end would not substantially alter the result. In other words, a more sophisticated model is not required to demonstrate the inherent lack of uniqueness in the non-detection.
[16] Finally, by inverting equation (2), we find that the transmitter power required to detect an aquifer at 10 km depth varies as P = b exp(s/a) where a = (2d) À1 e o K 2 1/2 c $ 3.2 Â 10 À7 S/m and b = 5W S n (d = 10 km)/G F(r) B $ 5 Â 10 À4 W, where the value of 5W is the MARSIS transmitter power that is used as a reference point for scaling. At s = 3 Â 10 À6 S/m, P is $5W, consistent with Figure 3 . However, if the overlying medium has a substantially higher conductivity, the required transmission power becomes very large, beyond the capabilities of modern space-based radars. For example, if the overlying conductivity of the medium of s = 6 Â 10 À6 S/m, the required transmission power to detect the aquifer at a 10 km depth is now nearly 70 kW.
Conclusions
[17] We find that if the Martian northern lowlands has a overlying crustal material with a bulk conductivity of >10 À5 S/m (loss tangent > 0.008), detection of an echo from subpermafrost groundwater table in the top 11 km of the subsurface will become problematic due to attenuation in the overlying rock. The conductivity of permafrost itself ranges from 10 À5 to 10 À2 S/m [Daniels, 1996] and an extended layer of hardened icy rock could account for the signal loss -but this inference is non-unique. As such, the lack of an observed groundwater table detection by MAR-SIS, the ''null result'' shown in Figure 1 , does not automatically rule out the possibility of the water table's existence.
[18] In arriving at this result, there are numerous assumptions being made, including that the boundary between the rock and water is relatively sharp and distinct, giving rise to an easily calculated reflectance. We make the ideal assumption that the water table reflectance is a large value (nearly unity), thus allowing us to easily attribute the calculated losses to the overlying medium. In reality, the transition from ice-filled porous rock into liquid water-filled rock of the groundwater table may not be sharp and distinct on the scale-size of a wavelength, effectively reducing the reflectance from the high value assumed. Thus, in Figure 3 , for a factor of 10 reduction from the assumed reflectance (now R 23 $ 0.1), the bottom of the shaded region is downward shifted in conductivity by a factor of ln(10) $ 2.3, and for R 23 $ 0.01, this boundary line is downshifted in conductivity by a factor of ln(100) $ 4.6. Again, large changes in assumed reflectance create only a mild shift in the result.
[19] Another assumption is that the water table lies within the 11 km region sampled. A recent reexamination of the heat flux suggests that indeed the table may be lower in depth than previously predicted [Clifford et al., 2009] . We thus limit our conclusions to a depth of D = cT/2n $ 11 km, where T is approximately 1 = 2 the MARSIS detection window of ($180 microseconds). If the water table lies below the MARSIS detection window of $11 km, then even a strong return signal is delayed for such a long time as to be missed by MARSIS. We do not consider herein magnetic losses [Stillman and Olhoeft, 2004] which may further attenuate the signal in the rocks.
[20] Despite these assumptions, the inversion of the null result into a bounding estimate of the sub-surface conductivity has its own merits. At the very least, the limit is a starting point for the design of Martian GPRs that may fly on future rovers/landers. Specifically, such GPRs may require high powers to overcome an inherently lossy medium to obtain a deep groundwater table signature. We especially note herein that our bound is a lower limit, and the conductivity may be substantially higher than the $10 À5 S/m derived via inversion of the system noise level.
